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Crystal structure and functional characterization of OmpK36, the
osmoporin of Klebsiella pneumoniae
R Dutzler1, G Rummel2, S Albertí3, S Hernández-Allés3, PS Phale2, 
JP Rosenbusch2, VJ Benedí3 and T Schirmer1*
Background: Porins are channel-forming membrane proteins that confer solute
permeability to the outer membrane of Gram-negative bacteria. In Escherichia
coli, major nonspecific porins are matrix porin (OmpF) and osmoporin (OmpC),
which show high sequence homology. In response to high osmolarity of the
medium, OmpC is expressed at the expense of OmpF porin. Here, we study
osmoporin of the pathogenic Klebsiella pneumoniae (OmpK36), which shares
87% sequence identity with E. coli OmpC, in an attempt to establish why
osmoporin is best suited to function at high osmotic pressure.
Results: The crystal structure of OmpK36 has been determined to a resolution
of 3.2 Å by molecular replacement with the model of OmpF. The structure of
OmpK36 closely resembles that of the search model. The homotrimeric
structure is composed of three hollow 16-stranded antiparallel β barrels, each
delimiting a separate pore. Most insertions and deletions with respect to OmpF
are found in the loops that protrude towards the cell exterior. A characteristic
ten-residue insertion in loop 4 contributes to the subunit interface. At the pore
constriction, the replacement of an alanine by a tyrosine residue does not alter
the pore profile of OmpK36 in comparison with OmpF because of the different
course of the mainchain. Functionally, as characterized in lipid bilayers and
liposomes, OmpK36 resembles OmpC with decreased conductance and
increased cation selectivity in comparison with OmpF.
Conclusions: The osmoporin structure suggests that not an altered pore size
but an increase in charge density is the basis for the distinct physico-chemical
properties of this porin that are relevant for its preferential expression at high
osmotic strength.
Introduction
Porins form channels that span the outer membrane of
Gram-negative bacteria (for recent reviews see [1–4]).
Thus, they are the major determinants of the permeability
of the outer membrane for hydrophilic solutes. Nonspe-
cific porins allow the diffusion of a broad range of sub-
stances up to a size-exclusion limit of approximately
600 kDa [5]. In E. coli, OmpF, OmpC and PhoE are the
major representatives of nonspecific porins. All three
porins are highly homologous [6], with a sequence identity
between OmpF and OmpC of 71%.
The differential expression of OmpF and OmpC is regu-
lated by the ompB regulon such that OmpC becomes the
major porin at high osmotic strength, namely at high salt
or sugar concentration [7]. EnvZ and OmpR, gene prod-
ucts of the ompB operon, are involved in the osmoregu-
lation of OmpF and OmpC expression [8–10]. The osmo-
sensor, EnvZ, is a histidine kinase that interacts with the
response regulator OmpR to form a two-component sig-
naling system.
The difference in solute flux through OmpF and OmpC
channels, measured by liposome swelling, has been attrib-
uted to a slightly smaller size of OmpC channels [5]. In
planar lipid bilayers, OmpC exhibits a considerably smaller
conductance than OmpF [11–13], although under certain
conditions OmpF-type channels are also found [14].
OmpC appears to be more cation-selective (as defined by
the ratio of cation over anion permeability, Pc/Pa) than
OmpF, a finding that has been attributed tentatively to the
lower isoelectric point of OmpC [12]. The difference in
selectivity is most pronounced at low ionic strength [11].
The structures of OmpF and of several other nonspecific
porins have been determined by X-ray crystallography
[15–17]. Porins form large hollow β barrels encompassing
the pore, which is constricted about half-way through the
membrane by an internal loop. A conserved feature in all
nonspecific porins is the segregation of acidic and basic
residues across the pore constriction (for a review, see [1]).
According to electrostatic calculations there is a strong
transversal electrical field at the pore constriction [15,18].
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To obtain structural information on osmoporin we have
performed crystallization trials on, amongst others,
OmpK36 from K. pneumoniae, the sequence of which
reveals 87% identity to that of OmpC from E. coli [19].
The virulence of K. pneumoniae, a clinically relevant patho-
genic bacterium, is dependent on the composition of its
cell surface. Capsular polysaccharides, lipopolysaccha-
rides and outer-membrane proteins have all been iden-
tified to play a role in this [20]. OmpK36 activates the
classical pathway of the complement system by binding
to its first component, C1q [19,21]. Complement activa-
tion was found to be dependent on the accessibility of a
putative binding site for C1q on the porin, which, in com-
plement-resistant strains, has been shown to be covered
by lipopolysaccharides.
A homology model of OmpK36 has been built previously
on the basis of the OmpF structure with which it shares
73% sequence identity [19]. A smaller pore size in com-
parison with OmpF was predicted because of the presence
of two bulkier sidechains at the pore constriction. Here,
we report the X-ray structure of OmpK36, which shows a
virtually unchanged pore geometry, but significantly dis-
tinct electrostatic potential in comparison with OmpF.
Results and discussion
Osmoregulation and expression
On the basis of sequence homology, OmpK36 has been
classified as an osmoporin [19]. Additional evidence for
this was obtained on analysis of the upstream region of the
ompK36 gene shown in Figure 1. All regulatory elements
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ATCAGTCGGC TATATTCATT GTGCTGTAAA ATGCAGAATA ATCCAACAAG
ACCAGTCGGC AAG-TCCATT CTCCGCAAAA ATACAGAATA ATCCAACACG
ACCAGTCGGC AAG-TCCATT CTCCGCAAAA ATACAGAATA ATCCAACACG
ATCAGTCGGC AAG-TCCATT CTCCCCAAAA ATGCAGAATA ATCCAACACG
ATCAGTCGGC TAT-TACATT GTGCTGCAAA ATGCAGAATA ATCCAACAAG
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Figure 1
Nucleotide sequences of the 5′ upstream
region of osmoporin genes from 
K. pneumoniae and other enterobacteria. The
first sequence was determined by Albertí et al.
[19], the others by Esterling and Delihas [48].
The micF gene (shaded), OmpR consensus
binding sites (Cc, Cb, Ca and Fd), integration
host factor (IHF), SoxS, and Lrp binding sites,
as defined for the E. coli gene (see e.g. [10]),
are indicated by boxes. The start sequences of
ompC and micF and their direction of
transcription and the –10 and –35 promoter
sites are indicated by arrowheads and solid
bars respectively. Base deletions are indicated
by dashes. All ompC-specific regulatory
elements are found also for ompK36.
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TCAATTTGTA AATGCAAGGG AACTTTTCGC AACGATGAAA AATCGT-AAA
TCAAAATATG AATTTTACGG AACTTTTTTA AAGCAAAAAT CAA-GTAAAA
TCAAAATATG AATTTTACGG AACTTTTTTA AAGCAAAAAT CAA-GTAAAA
TCAAAATGTA AATGCAAGGG AACTTTTTAA GATTATTGCG GAATGGCGAA
TCAATTTGTA AATTC-ACGG AACTTTTTTC ACCGCAAAAT GGTCAGGGAA
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Structure
specific to osmoporin genes, such as the consensus
sequences for OmpR binding, and various other elements
are present. On the protein level, differential expression
of OmpK36 and OmpK35 (the homologs of OmpC and
OmpF of E. coli, respectively) was observed to be depen-
dent on the osmolarity of the medium (Figure 2).
Crystal structure analysis
Crystals were obtained by microdialysis and showed X-ray
diffraction to 3.2 Å. The spacegroup is C2, with two trimers
in the asymmetric unit (Table 1). The structure was solved
by molecular replacement using the OmpF trimer ([16];
PDB code 2OMF) as the search model. Two clear solu-
tions for the orientation and position of the two trimers of
the asymmetric unit were obtained, yielding an R factor of
46.2% (full resolution range). Cyclic averaging exploiting
the sixfold structural redundancy improved the phases
considerably and helped to avoid model bias. Despite the
moderate resolution of 3.2 Å, the electron density was con-
tinuous for the entire mainchain and allowed unambigu-
ous interpretation. Examples are given in Figure 3. The
resulting model was refined with strict sixfold noncrystal-
lographic symmetry (NCS) constraints to an R factor of
20.8% (Table 1).
Crystal packing and detergent binding
In the crystal, the hydrophilic rims of the β barrels as well as
the apolar outer surfaces, which would face the membrane
core in vivo, are involved in lattice interactions. Each of the
two trimers of the asymmetric unit is packed with its
smooth end onto a symmetry mate (related by a crystallo-
graphic twofold axis), with the monomers lying on top of
each other (Figure 4a). As the local triad is intersecting the
crystallographic dyad at right angles, a hexamer with 32-
point group symmetry is generated. Along the crystallo-
graphic b direction, hexamers are packed side-by-side and
are related by translational symmetry (b = 77 Å). There is
another such row that shows identical hexamer–hexamer
packing. It runs antiparallel to b and is related by NCS to
the other row. The two rows are rotated by 33° about b with
respect to each other. Adjacent rows are held together by
contacts between the rough ends of the trimers (Figure 4a).
The lateral trimer–trimer contact is mediated by apolar
residues of turn 4 that interact with apolar residues of
turns 4 and 5 of the adjacent trimer (Figure 4b). Sand-
wiched between the hydrophobic surfaces of adjacent
trimers, elongated electron density in van der Waals dis-
tance to the protein is seen (Figures 4b and c). This
probably represents trapped detergent molecules, which
have been modeled as alkyl chains. Their high B factors
(Table 1) indicate considerable structural disorder. The
detergent chains appear to fill the confined space between
the trimers almost completely. Most of the chains are ori-
ented approximately parallel to the β-barrel axis and
extend to the ‘aromatic belts’ that delimit the boundaries
between the hydrophobic and hydrophilic protein surface
(Figure 4c). Apparently, the detergent molecules act like a
paste mediating the contact between the hydrophobic sur-
faces. Thus, in one of the dimensions, the packing is as
suggested for a type I membrane protein crystal [22].
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Figure 2
Expression of K. pneumoniae porins OmpK35 and OmpK36 in
response to the osmolarity of the environment. Strain KT793 was
grown both in low-osmolarity medium and in high-osmolarity medium
containing 20% sorbitol. The protein composition of outer membranes
was analyzed by SDS–PAGE. Solid and empty arrows indicate porins
OmpK36 and OmpK35 respectively. The K. pneumoniae homologue
of E. coli OmpA is indicated by the letter A.
Table 1
X-ray diffraction and refinement statistics.
Number of crystals 1
X-ray source synchrotron 
Space group C2
Unit-cell parameters a = 191.8 Å, b = 76.8 Å, c = 223.4 Å 
α = 90.0°, β = 113.3°, γ = 90.0°
Content of the asymmetric unit 2 trimers
Resolution range (Å) 15–3.2
Unique reflections 47,412
Rmerge *(%) 10.5 (32.4)
Completeness* (%) 96.1 (97.2)
Redundancy 1.9
Rfactor†(%) 20.8
Rfree‡ (%) 22.3
Rmsd from ideal values
bond lengths (Å) 0.013
bond angles (o) 1.70
Mean B value (Å2)
all atoms 55.3
detergent atoms 78.8
*Values given in parentheses are for the highest resolution shell.
†Rfactor is the conventional R factor (Fc calculated from final model).
‡Rfree is the R factor calculated with 10% of the data that were not
used for refinement. The data were collected on an image-plate
detector (MAR-RESEARCH) with a diameter of 300 mm.
Overall fold of OmpK36
The general structural features of OmpK36 are very similar
to those of OmpF [16]. The homotrimer consists of 16-
stranded antiparallel β barrels (Figure 5a). The β strands are
connected by short turns at the periplasmic side and long
loops at the extracellular side (Figure 5b). One of the long
loops (L3) is folded into the barrel and causes a constric-
tion of the pore (Figure 3a, Figure 5a). Figure 5b shows
that most of the β-barrel residues superimpose very well
with their equivalents in OmpF, but there are marked
differences in the loop regions. The fit gives a root mean
square deviation (rmsd) of 0.85 Å for 242 Cα positions. In
the following section, the structure is described in com-
parison with OmpF. The OmpF residue numbering is
adopted throughout.
All insertions and deletions are found in the extracellular
loops, apart from a one-residue insertion in a periplasmic
turn. The sequence alignment given by Albertí et al. [19] is
confirmed. Loops L1 and L6 are shorter by five residues
each, L2 by two residues. The longest insertion (ten
residues) is found in L4. L8 contains three additional
residues. Despite the low sequence homology, the packing
of the extracellular loops is similar (Figure 5b). Thus, loop
L6 interacts with L8 in both porins, with the increased size
of L8 being compensated by the truncation of L6 in
OmpK36. In both porins, loop L2 inserts into a gap in the
barrel wall of an adjacent subunit and provides a glutamate
(Glu71), which is part of an intersubunit salt bridge (see
also [23]). The polypeptide chain corresponding to the
long insertion in L4 protrudes from the monomer and is
engaged in interactions with loop L1 of an adjacent
subunit (Figures 3b, 5b). The ten-residue insertion in L4 is
far remote from the pores (Figure 5a) and should not inter-
fere with substrate translocation. Because of the high
sequence similarity, the structure of OmpC from E. coli is
expected to be virtually identical to that of OmpK36.
The OmpK36 porin of K. pneumoniae is the main activator
of the complement classical pathway in the outer mem-
brane of this pathogenic bacterium [21]. Activation occurs
after the binding of complement C1q by its globular
region to the OmpK36 porin, and it is ionic strength
dependent. The same motif of a linear arrangement of two
basic and one acidic group that is found in IgM and
involved in the Clq–Igm [24] interaction has been identi-
fied previously in a homology model of OmpK36 [19].
This motif is located at the outer surface of the barrel
close to the extracellular loops and is formed by Lys279,
Lys281 (from β strand 13) and Asp282 (L7). As the elec-
tron density is weak, the sidechains seem to be flexible.
Structural comparison of OmpK36 with the Fc structure
[25] shows that the three residues superimpose reasonably
well, but the structure of the surrounding surface shows
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Figure 3
Cyclic-averaged electron-density map
(contoured at 1σ) of OmpK36. (a) Stereoview
of the OmpK36 pore viewed from the
extracellular side. Residues of the arginine
cluster are labeled (OmpF numbering
convention). The internal loop L3 is seen at
the right side of the pore. (b) Stereoview of
the extracellular loop L4 (with carbon atoms
coloured in yellow), which interacts with loop
L1 (carbon atoms coloured in white) of a
neighbouring monomer. Figures were
generated with the program DINO
(Philippsen, 1998;
http://www.bioz.unibas.ch/~xray/dino).
little similarity. The C1q-binding motif of Fc is present in
IgM and all IgG human subclasses, despite the fact that
only IgG1 and IgG3 bind C1q. Other molecules like the
gp41 protein of HIV also bind C1q [26] without displaying
the C1q-binding motif described in Fc. These results
indicate that a more detailed analysis is required to iden-
tify the C1q-binding motif(s) in the OmpK36 porin.
Structure of the pore
In line with the high sequence variability of the external
loops, most residue replacements of the pore lining are
found in the vestibule. The pore constriction (Figure 6a)
and the periplasmic exit hall, however, are structurally con-
served in comparison with OmpF. In particular, the three
stacked arginines and the two carboxylate sidechains of the
pore constriction superimpose well with their OmpF coun-
terparts (Figure 6a). Unexpectedly, the bulky sidechain of
Tyr123 (Ala123 in OmpF) from the constriction loop L3
does not protrude into the lumen because of a different
course of the backbone. The cross-sectional area is virtually
identical to that of OmpF throughout the pore (Figure 6b).
In contrast to the close structural similarity, the distribu-
tion of ionizable residues on the channel lining exhibits a
number of differences (Figure 6c). An unusual clustering of
aspartic acid residues at L1, two of which face the channel
(Asp26, Asp33) and the loss of a lysine (Lys243 of OmpF at
the tip of L6) render the vestibule of OmpK36 more nega-
tive than that of OmpF. Close to the constriction, Lys314
of OmpK36 replaces an uncharged residue (Ile) in OmpF
and introduces a positive charge, but the two replacements
Lys80→Trp and Val18→Asp lower the charge by two units.
The aspartic acid residues 127 and 256 that, in OmpF, are
buried and probably uncharged [18] are asparagine residues
in OmpK36. OmpC from E. coli shows the same charge dis-
tribution on the channel lining, such that a similar electro-
static potential is likely to prevail in both porins.
Electrostatic potential
The electrostatic potentials (Figure 7) within the OmpF
and OmpK36 pores generated by the protein charges were
calculated by solving the Poisson–Boltzmann equation
[27]. As for the electrostatic calculations performed previ-
ously for OmpF [18], the porin trimers were embedded in
a slab of low dielectric constant to mimic the membrane.
For OmpF in 1 M salt, the electrostatic potential is in good
agreement with the previously obtained result. Figure 7c
shows the pronounced dipolar nature of the potential at
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Figure 4
Crystal packing of OmpK36. (a) Stereoview
of trimers stacked face-to-face to form
hexamers of 32-point symmetry. The hexamers
are arranged in rows parallel to the
crystallographic b axis (oriented horizontally).
Detergent fragments that mediate the lateral
contacts are colored in yellow. The two rows
shown in this view are related by
noncrystallographic symmetry and interact
with each other via long hydrophilic loops. (b)
Lateral trimer–trimer contact. Cα traces and
molecular surfaces of the proteins are shown,
with those parts of the surfaces that contact
the detergent molecules highlighted in yellow
(apolar residues) and green (aromatic
residues). A direct apolar trimer–trimer
contact is seen at the bottom of the figure,
otherwise the interactions are mediated by the
detergent molecules (green). (c) 2Fo–Fc omit
map (contoured at 1σ) for the detergent
molecules. The surface of the protein is
shown in the background. Molecular surfaces
were generated with the program MSMS [49].
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Figure 5
Structure of the OmpK36 homotrimer. (a) View as from the cell
exterior. The three monomers are coloured differently. Loop 3, which
extends into the barrel and causes the pore constriction, is coloured in
green. L4, which carries the largest insertion in comparison to E. coli
OmpF, is colored in red. It interacts with L1 (white) of the neighbouring
monomer. (b) Stereoscopic view of the superposition of the monomers
of OmpK36 (yellow) and OmpF (light gray). In this view, the channel
vestibule, which would face the cell exterior in vivo, is found at the top,
the periplasmic exit hall is at the bottom of the figure. L3 of OmpK36 is
highlighted in green, loops that show insertions or deletions in relation
to OmpF are labeled and colored in red.
Figure 6
Structure of the OmpK36 pore. (a)
Superposition of the pore constrictions of
OmpK36 and OmpF. The color code for the
Cα traces is the same as in Figure 5b.
Selected residues are shown in full (with
carbon atoms colored in yellow for the
OmpK36 model and in gray for OmpF). The
OmpF sequence numbering is used. (b)
Cross-sectional area of the central part of the
OmpK36 (red) and OmpF (black) pores
measured along their channel axes (z
coordinate). (c) Stereo diagram illustrating the
differences in the distribution of ionizable
residues at the pore lining of OmpK36 and
OmpF. The Cα trace of OmpK36 is clipped
off at the front. Ionizable residues of OmpF
that have uncharged counterparts in OmpK36
have their carbon atoms colored in white.
Conversely, ionizable residues of OmpK36
that correspond to uncharged OmpF residues
are depicted in yellow.
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the constriction, which is caused mainly by the segrega-
tion of basic and acidic residues across the channel. The
equipotential plane of zero potential (not shown) extends
approximately axially through the centre of the channel.
At low salt concentration, the strength of the electrostatic
potential is increased (Figure 7a).
In OmpK36, as a result of the excess of negative charges
close to the internal loop, almost no positive potential is
found in the pore lumen at low ionic strength (Figure 7d).
In 1 M salt, however, the potential at the constriction
closely resembles that of OmpF. This can easily be under-
stood, as, at high ionic strength, the potential is determined
mainly by nearby charges, which are conserved between
the two proteins.
Relation between electrophysiological data and the crystal
structure
Experimentally, measurement of the ion selectivity, namely
the ratio between cation over anion permeability (Pc/Pa), is
a rather straight-forward means of probing the overall elec-
trostatic potential within a wide channel. This is achieved
by application of a salt-concentration gradient across the
lipid bilayer and measurement of the induced reversal
potential (zero-current potential) [28]. The obtained values
for OmpK36 and OmpF are given in Table 2. The ion
selectivity is strongly dependent on the salt concentration,
which can be attributed to increased shielding of the elec-
trostatic potential at higher concentration, an effect that is
not taken into account by the Goldman–Hodgkin–Katz
equation [29]. Although OmpK36 is only moderately more
cation selective than OmpF at high ion concentration, the
difference becomes more pronounced at low concentration.
This is qualitatively in line with the calculated electrostatic
potentials (see above).
The increased cation selectivity of OmpK36 (and OmpC)
may be important for the retardation of certain noxious
agents such as antibiotics [5,30]. It has been shown that
E. coli bacteria resistant to certain β-lactams show increased
OmpC levels at the expense of OmpF porin [31], even at
low osmolarity. It is know that phosphoporin, which also
has a structure very similar to that of OmpF [16,18] with a
few additional basic residues located at strategic positions,
facilitates the permeation of phosphorylated and other
anionic solutes.
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Figure 7
Electrostatic potential ϕ of OmpF and
OmpK36 at different salt concentrations as
obtained by Poisson–Boltzmann calculations.
The two proteins are represented by their
molecular surfaces. The front half of the
structures is clipped off to permit a view onto
the channel. Isocontour planes
ϕ = +0.25 kcal/(mol·e) and
ϕ = –0.25 kcal/(mol·e) are colored blue and
red, respectively. (a) Potential of OmpF in
0.1 M salt; (b) OmpK36, 0.1 M salt; (c) OmpF,
1 M salt; (d) OmpK36, 1 M salt. As a result of
the segregation of charged residues, the
channel lumen is divided into regions of
positive and negative potential throughout the
length of the channel. In OmpK36, the potential
in the vestibule is more negative, caused by the
larger amount of negative net charge.
In 1 M sodium chloride, the single-channel conductance
of OmpK36 is considerably lower than that of OmpF
(Table 2), as has also been observed for OmpC [13,32]. The
structural basis for this difference is not obvious given the
very similar geometries of the pore constrictions. The dif-
ference in electrostatic potential with increased potential in
the vestibule of OmpK36 should increase rather than
decrease conductance, as shown by model calculations for
simple channels [33,34]. A different water structure caused
by the distinct chemical nature of the pore lining (e.g. the
change of Ala123 to a tyrosine) might affect permeation [2].
The resolution of the OmpK36 data, however, is too low to
allow further analysis of this aspect.
For OmpC incorporated into planar bilayers of various
composition, Buehler et al. [14] found, in addition to the
previously observed small conductance, the occurrence of
OmpF-type conductance values. These larger channels
would be consistent with the crystal structure of OmpK36.
It may be speculated that the smaller channels correspond
to a different conformation of the protein, possibly in the
external loop region, induced by the surrounding lipid.
In the steady state, an electrolyte concentration gradient
across an ion-selective pore induces a reversal potential
that ensures equal flux of anions and cations. By applica-
tion of the Poisson–Nernst–Planck (PNP) theory [35] to a
simple model system, it can been shown that an increase
in pore charge increases the selectivity of the channel (and
thus the reversal potential), and at the same time reduces
the total ion flux at the reversal potential (Figure 8) [36].
Thus, the flux through the more selective OmpK36 would
be smaller than through OmpF, when there is a salt con-
centration gradient across the membrane. Obviously, alter-
ation of solute translocation rates will not prevent the
periplasm eventually equilibrating with the cell exterior,
but may reduce the effects of an osmotic shock.
Liposome swelling employing uncharged solutes should be
insensitive to the charge of the channel; although it is rather
imprecise, it is the method of choice for probing the geo-
metrical size. Table 2 shows relative sugar-permeation rates
(normalized to the rate of arabinose) through OmpK36 and
OmpF pores. The data indicate slightly decreased perme-
ation of the larger monosaccharides through OmpK36.
Translocation of sucrose is drastically impeded through
both porins. The same observation has been made previ-
ously in a comparative study on OmpC and OmpF [5].
From the comparison of the absolute rates of glucose flux,
which is reduced by a factor of two for OmpC, the authors
concluded a smaller pore size for this porin. This interpreta-
tion is not corroborated by the OmpK36 crystal structure. A
difference in the efficiency of porin insertion into the lipo-
somes or distinct specific interactions of glucose with the
two porin channels may contribute to the observed differ-
ence. In the same study it was shown that flux differences
are most pronounced for charged solutes, with the flux of
monoanionic solutes through OmpC being slowed down
[5]. This is consistent with the calculated difference in the
electrostatic potentials.
Biological implications
Porins render the outer membrane of Gram-negative bac-
teria permeable to small solutes. OmpF is preferentially
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Table 2
Electrophysiological and sugar-permeation properties of
OmpK36 and OmpF porins.
OmpK36 OmpF [13]
Channel conductance (nS) 0.35 ± 0.02 0.84 ± 0.06
Critical voltage, Vc (mV) 193 ± 23 145 ± 7
Ion selectivity, PNa/PCl
100:1000 mM 5.5 ± 0.4 4.5 ± 0.8
50:500 mM 10.2 ± 0.8 6.2 ± 0.4
20:200 mM 14.2 ± 0.3 9.2 ± 0.8
Relative sugar-permeation rate (%)
Arabinose (150 Da) 100 100
Glucose (180 Da) 59 73
Mannose (180 Da) 61 79
Fructose (180 Da) 66 81
NAcGlu (221 Da) 40 58
Sucrose (342 Da) 3 3
Figure 8
Cation (+) and anion (–) flux through an uncharged (thin lines) and a
negatively charged (thick lines) model channel as a function of
membrane potential after application of a fivefold salt concentration
gradient. At steady state (at which cation and anion fluxes are equal,
see encircled intersections), the flux through the charged channel is
smaller than that through the uncharged channel. Note that for a
dipolar channel (e.g. OmpF) with consequent low selectivity and small
reversal potential, the flux would be considerably larger (square mark)
in comparison with the uncharged channel.
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expressed at low osmolarity, whereas osmoporin (OmpC,
OmpK36) is most abundant at high osmolarity. Which
are the decisive properties that distinguish these porins in
vivo? Comparison of the OmpK36 X-ray structure with
that of OmpF shows that there is virtually no difference
in the geometry of the two pores. Distinct size-sieving
properties therefore seem unlikely, although moderate
differences have been found in liposome-swelling assays
employing sugars. However, the increased electrostatic
potential calculated for the lumen of the OmpK36 pore
may be of relevance. At high ionic strength the elevated
potential may confer an advantage to the bacterium, as it
would partly counteract the increased shielding by the
salt and render the electrostatic properties of this porin
similar to those of OmpF at low ionic concentration.
This pertains, for example, to electrostatic steering of
charged solutes through the pore, a mechanism that has
been found to be important for efficient translocation,
on the basis of Brownian-dynamics simulations (TS,
unpublished results).
In planar lipid bilayers, porin channels close upon appli-
cation of an external voltage. The physiological rele-
vance of this phenomenon has been discussed [37,38],
and other physical parameters, such as pH or ionic
strength, may cause closing by a similar mechanism [1].
In this context, it is noteworthy that OmpK36 requires a
significantly higher potential than OmpF (Table 2).
Whether this difference translates into a significantly dif-
ferent behaviour of these two proteins in their respective
physiological regime has not yet been investigated. 
Materials and methods
Analysis of the osmolarity-induced expression of porins of 
K. pneumoniae
The expression of OmpK35 and OmpK36 porin in media of different
osmolarity was investigated with K. pneumoniae strain KT793 [21].
Bacteria were grown in media of low and high osmolarity, namely in
nutrient broth (Merck, catalogue no. 5443; 51 mOsm/kg) and in nutri-
ent broth containing 20% sorbitol (1.5 Osm/kg). Cells from overnight
cultures were recovered by centrifugation. Outer membrane proteins
were isolated as described in [21], and the expression was checked by
separating the proteins by Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS–PAGE).
Sequencing of the upstream region of the ompK36 gene
For comparison of the regulating regions of ompK36 and ompC, the 5′
region of the gene coding for the OmpK36 porin (GenBank/EMBL acces-
sion number Z33506) located on the plasmid pSUV10 was sequenced
[19]. Primers were derived from the known ompK36 sequence. Sequenc-
ing was carried out with the use of an DNA sequencer (Applied Biosys-
tems), and sequence alignments were performed with the program
GeneWorks 2.5.1 (Oxford Molecular Group Inc.).
Expression, purification and crystallization
OmpK36 used for crystallization was purified from K. pneumoniae strain
KT707, which lacks the outer membrane proteins OmpA and OmpK35
[19]. The cells were grown and the protein was isolated as described
previously [21]. Subsequently, the protein was dialysed against a
buffer containing 20 mM PO4, pH 7.2, 1 mM EDTA, 0.1% NaCl and 1%
octyl-polyoxyethylene (octyl-POE, Bachem), and further purified on a
Sephadex G150 column. Fractions containing OmpK36 were pooled
and concentrated (Centricon) to a final concentration of 12 mg/ml and
dialyzed against a buffer containing 0.6% 2-hydroxyethyloctylsulfoxide
(C8HESO, Bachem), 0.1% octyl-POE, 0.5 M MgCl2, 0.05 M Tris/HCl,
pH 9.8, and 5% PEG 2000. Crystallisation was performed by microdialy-
sis against a solution containing 0.6% C8HESO, 0.1% octyl-POE, 0.5 M
MgCl2, 0.05 M Tris/HCl and 15% PEG 2000 at pH 9.8.
Functional characterization
Planar lipid bilayers composed of phosphatidylcholine from soy beans
(asolectin from Sigma type II S) were formed as described previously
[39]. Single-channel conductance and critical voltage for channel
closure (Vc) were measured in 1 M NaCl, 1 mM CaCl2, 10 mM Tris at a
final pH of 7.4. Zero-current potentials were measured after application
of a tenfold NaCl gradient across the bilayer. Ion selectivities (PNa/PCl)
were derived according to [29]. Vcvalues were obtained by applying a
potential ramp from 0 to +250 mV across the bilayer over a period of
100 s. Sugar-permeation rates were determined by monitoring proteoli-
posome swelling as described previously [39].
Crystallography
Diffraction data were collected at the Swiss–Norwegian beamline
of the ESRF in Grenoble (Table 1). Data were processed using the
program MOSFLM [40]. Programs ROTAVATA/AGROVATA of the
CCP4 package [41] were used for scaling and merging of the data. The
crystal structure was solved by the molecular-replacement method using
program AMORE [42]. As a search model, a truncated version of trimeric
OmpF (PDB code 2OMF) was generated by removing nonconserved
loop regions, and pruning the nonconserved residues to alanine. 
Cyclic averaging of the electron density corresponding to the six
monomers in the asymmetric unit was performed with the program DM
[43] and the model was built using the program O [44]. Refinement
with strict sixfold noncrystallographic-symmetry constraints was per-
formed with the program X-PLOR [45]. Cycles of simulated-annealing
torsion-angle refinement were followed by manual rebuilding of the
model. All reflections within 15–3.2 Å were included during refinement.
Rfree was monitored throughout the entire refinement procedure and a
bulk-solvent model was included [46]. Refinement of restrained atomic
B factors was justified by the favorable observable:parameter ratio (due
to the strict NCS restraints) and resulted in a drop in Rfree.
The 2Fo–Fc map revealed additional, elongated electron density in the
hydrophobic contact area between laterally adjacent trimers that was
attributed to detergent fragments. Both crystallographically indepen-
dent rows of trimers (Figure 3a) showed the same features as con-
firmed by a twofold averaged electron-density map. Nine dodecyl
chains per trimer were modeled into the density. Refinement of the
positional parameters and group B factors of these groups was carried
out during the last cycles, while keeping the rest of the structure fixed.
The Rfree did not increase upon this procedure, indicating that the
density was not overfitted.
Poisson–Boltzmann calculation of the channel potential
The electrostatic potential in the channel was calculated with the
program UHBD [27]. The program was modified slightly to allow inclu-
sion of a slab of low dielectric constant to model the membrane. The
slab consisted of three layers. A dielectric constant of ε = 40 was
assigned to the outer layers (with thicknesses of 9 Å and 4 Å) and
ε = 2 to the central layer (thickness = 21 Å). Dielectric constants of 2
and 80 were assigned to protein and solvent (including the pore
lumen), respectively. The potential was calculated for a 150 Å ×
150 Å × 121 Å volume (grid spacing 1 Å) with one porin trimer immersed
in the membrane slab. Partial charges and van der Waals radii of the
protein atoms were derived from the OPLS-force field [47]. Standard
charging (at neutral pH) was assumed for most ionizable residues apart
from Glu296, Asp121, Asp127, Asp312 and Arg167, which were
treated as uncharged according to previous pK calculations [18].
PNP calculation of ion flux through a charged cylinder
The cation and anion flux through a model channel (length 30 Å, radius
4 Å) was computed according to a one-dimensional formulation of the
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Poisson–Nernst–Planck theory with the program PNP [35]. The dielec-
tric constant for the membrane and the protein was set to ε = 2, that
for the aqueous solution to ε = 80. A fivefold salt concentration gradient
(0.1 M:0.5 M) was applied across the membrane. The diffusion coeffi-
cients were set equal for cation and anion.
Accession numbers
The coordinates and structure factors for OmpK36 have been
deposited with the Protein Data Bank with accession codes 1osm and
r1osmsf, respectively.
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